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The chromo domain is a phylogenetically conserved sequence motif which was identi®ed as a region of homology between
the repressor protein Pc and the heterochromatin constitutive protein HP1 of Drosophila. The speci®c function of the
chromo domain is not yet understood, but it seems to be required for protein±protein interactions in chromatin-associated
complexes. Here, we present a new chromobox-containing gene from Caenorhabditis elegans (cec-1). It encodes a nuclear
protein that is present in all somatic cells from the 50- to 80-cell stage on throughout development and in adult animals.
No cec-1 protein was detected in the cells of early embryos, in germ cells, and in their precursor cells Z2 and Z3. cec-1
mRNA, however, is already present in all the blastomeres of early embryos. Immunolocalization experiments revealed a
homogeneous distribution of CEC-1 within interphase nuclei, while during mitosis CEC-1 seems to dissociate from the
condensing chromosomes. The expression pattern of the cec-1 gene suggests that it may represent a new regulatory gene
in C. elegans. q 1996 Academic Press, Inc.
INTRODUCTION chromatin which is located prevalently at the chromocen-
ters and is encoded by Su(var)205, a suppressor of position
effect variegation (PEV). Like Pc, HP1 is thought to be asso-The chromo domain is a phylogenetically conserved se-
ciated with the chromatin via a multimeric complex (Jamesquence motif of 48 amino acids (aa), which was initially
and Elgin, 1986; James et al., 1989; Eissenberg et al., 1990,identi®ed as a region of homology between the two essential
1992; Eissenberg and Hartnett, 1993). The lethal phenotypeproteins Polycomb (Pc; Paro and Hogness, 1991) and Hetero-
of Su(var)205 is associated with defects in chromosomechromatin Protein 1 (HP1; James and Elgin, 1986; Eissen-
morphology and segregation (Kellum and Alberts, 1995). Aberg et al., 1990) from Drosophila melanogaster. Pc is a
Schizosaccharomyces pombe HP1 homologue, Swi6, local-repressor protein that is necessary to maintain the inactive
izes in heterochromatin-like domains at the telomeres, intranscriptional state of important developmental regulatory
the silent mating-type locus and in the centromeres. Muta-genes, among them the homeotic genes of the Antennapedia
tions of the swi6 locus affect transcriptional silencing atcomplex and the bithorax complex (ANT-C, BX-C) in a cor-
the silent mating-type locus and at the centromeres andrect spatial pattern (reviewed by Paro; 1990, 1993, 1995). It
result in a high frequency of lagging centromeres duringseems to exert its repressor role as a member of a
late anaphase that correlates with highly increased rates ofmultimeric complex (Pc-G proteins) which associates with
chromosome loss (Ekwall et al., 1995). Thus, both HP1 andspeci®c target sites on the chromosomes (Simon et al., 1992;
Swi6 are thought to represent integral functional compo-Franke et al., 1992) and acts at the level of higher-order
nents of Drosophila and yeast chromosomes. Similarly, thechromatin structure (Zink and Paro, 1995; McCall and Ben-
human and murine HP1 homologues have been shown toder, 1996). Until now, Pc homologues have been isolated
be associated with centromeric heterochromatin (Wreggettfrom mouse (Pearce et al., 1992; MuÈ ller et al., 1995) and
et al., 1994), a ®nding which supports the model that HP1-from Xenopus laevis (Reijnen et al., 1995).
like proteins in eukaryotes might have a role in centromericHP1 is a constitutive component of Drosophila b-hetero-
function.
The conservation of the chromo domain in Pc and HP1
has led to the suggestion that the maintenance of the re-1 To whom correspondence should be addressed. E-mail: fritz.
mueller@unifr.ch. Fax: 41-37-299741. pressed state of the homeotic genes exerted by Pc employs
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main-containing proteins have been identi®ed in different
species ranging from yeast to man (Singh et al., 1991; Ep-
stein et al., 1992; Pearce et al., 1992; Saunders et al., 1993;
Lorentz et al., 1994; Aasland and Stewart, 1995), suggesting
that this protein motif has been conserved throughout evo-
lution.
Since we are interested in the molecular mechanisms that
govern the inheritance of transcriptional activity during de-
velopment, we took advantage of the unique opportunity
offered by the nematode sequencing project to study a chro-
mobox-containing gene in Caenorhabditis elegans. The
highly invariant nature of the cell lineages in this nematode
(Sulston et al., 1983) makes it a good model for the study
of cellular memory during development. Here we present
the characterization and the expression pattern of a new
chromobox-containing gene, cec-1.
MATERIALS AND METHODS
Sequence Analysis
The cec-1 cDNA (cm08h7) and the corresponding genomic se-
FIG. 1. Nucleotide sequence of cec-1 cDNA (cm08h7) and its pre- quence contained in the cosmid ZK1236 were extracted from the
dicted amino acid sequence. The box at the beginning of the se- database ACEDB (A Caenorhabditis elegans Database), and its
quence indicates the partial trans-spliced leader. At position /1 is chromosomal location was determined. The cm08h7 clone was
the start codon ATG. The stop signal TGA is marked by an asterisk. completely sequenced using the standard method of Sanger et al.
( ) denotes intron±exon boundaries. The chromo domain of the (1977).
cec-1 protein is boxed. Three putative nuclear localization signals All sequence analyses were performed with the GCG sequence
are underlined by dashed lines, while the glutamic acid repeats are analysis software package (Genetic Computer Group, 1991). Pro-
underlined by thick lines. The poly(A) signal at position /1209 is tein comparison was done on the entire length of the protein, on
boxed. The NcoI and the HindIII restriction sites at positions 02 the 48-aa sequence of the chromo domain, on the polypeptide ex-
and /245, used to clone the DNA fragment into an E. coli expres- cluding the chromo domain, and on the corresponding DNA se-
sion vector, are indicated in bold lowercase. The oligonucleotide quences.
primers used to generate sense and antisense hybridization probes
are indicated by arrows.
Bacterial Expression of cec-1 and Production of
Polyclonal Antibodies
a similar mechanism to that observed in the transcriptional
The 256-bp-long chromobox-containing NcoI±HindIII frag-silencing associated with heterochromatic PEV (Paro, 1990).
ment of cDNA clone cm08h7 was subcloned into the expressionNeither HP1 nor Pc has detectable DNA-binding activities,
vector pRSET B (Invitrogen), which produces fusion proteins con-implying that their speci®city in chromosome binding is
taining a block of histidines at the amino terminus. The Esche-
likely to depend on protein±protein interactions. Although richia coli strain M15 was transformed with the fusion plasmid.
the function of the chromo domain is still unclear, it ap- The bacteria were cultivated in 21 TYA liquid medium until
pears to be important for protein±protein interactions dur- OD600  0.7 and then induced for protein production with IPTG
ing the formation of the silencing complexes, in which both (isopropyl-b-D-thiogalactopyranoside, Bio®nex) at a ®nal concen-
tration of 1 mM. The fusion protein was puri®ed on a Ni-columnPc and HP1 have a central role. The chromo domain of
(Pierce) and analyzed in SDS±PAGE gel electrophoresis. To pro-Pc is necessary and suf®cient for nuclear localization and
duce polyclonal antibodies against CEC-1, two rabbits were in-chromosome binding (Messmer et al., 1992), whereas in
jected with the puri®ed fusion protein, diluted in PBS solutionHP1, both the C-terminal and the N-terminal halves are
at different concentrations (150, 300, and 600 mg/ml PBS), plusable to target the protein to the heterochromatin (Platero
the adjuvant Inject-Alum (Pierce, 1:1 dilution) three times duringet al., 1995). Thus, HP1 has two redundant, nonhomologous
3 months (once per month, at increasing protein concentrations).
heterochromatin targeting sites. Replacement of the HP1 A week after the ®rst and the second boosts, 50 ml of blood
chromo domain with the chromo domain of Pc targets the from each rabbit was collected. Preimmune serum as control was
hybrid HP1 protein to the Pc chromosomal binding sites in collected before the beginning of the injections. Blood samples
vivo, demonstrating that the chromo domain is a determi- were incubated for 1 hr at 377C and the serum was collected by
centrifugation and stored in aliquots at 0207C.nant of target speci®city (Platero et al., 1995). Chromo do-
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FIG. 2. Sequence alignment of chromo domains from various species. C. elegans: CEC-1, T09A5, and C29H12 cosmids and yk9a3 partial
cDNA (ACEDB database, Aasland and Stewart, 1995); D. melanogaster HP1 (James and Elgin, 1986; Eissenberg et al., 1990), Su(var)3-9
(Tschiersch et al., 1994), and Pc (Paro and Hogness, 1991); D. virilis: HP1 (Clark and Elgin, 1992); mouse: M31, M32 (Singh et al., 1991),
and M33 (Pearce et al., 1992) and CHD-1 (Delmas et al., 1993); X. laevis: XPc (Reijnen et al., 1995); human: HsaHp1 (Saunders et al.,
1993); P. citri: Pchet1 and Pchet2 (Epstein et al., 1992); Cladosporium fulvum: CfT1 (McHale et al., 1992); Schizosaccharomyces pombe:
Swi6 (Lorentz et al., 1994); and Fusarium oxysporum: Skippy (Anaya and Roncero, EMBL). The human HP1-like protein HsbHp1 (Saunders
et al., 1993), previously described as HSM1 (Singh et al., 1991), is identical to M31 and was therefore omitted. The chromo domain region
is shown by a black bar. Gaps in the sequence alignment are indicated by dashes. The sequence of the C. elegans chromo domain C29H12
was adapted from Aasland and Stewart (1995) and the asterisk represents 29 additional aa that are omitted from this table. Bold letters
represent aa conserved in at least 12 of 18 proteins. The stretches of glutamic acids at the amino terminal end of the HP1 class of chromo
domains are underlined. At the end of each sequence, the percentage of identical aa between the chromo domains of the different proteins
and that of CEC-1 is shown.
Whole-Mount in Situ Hybridization
C. elegans embryos from different stages were treated with hypo-
chlorite, permeabilized by freezing on dry ice, and ®xed with meth-
anol and formaldehyde as previously described (Seydoux and Fire,
1994). Digoxigenin-labeled single-stranded DNA hybridization
probes were made by multiple cycles of primer extension using the
cec-1 cDNA clone cm08h7 as template. The antisense probe was
generated with the primer 5*-CAGCCTTCTCAGAAGACG-3*,
which is complementary to the mRNA coding sequence at nt posi-
tions 782 ±799 (Fig. 1). The control sense probe was generated with
the primer 5*-TCAGAGCTCTACACCGTC-3* (positions 13±30).
In situ hybridization of the embryos overnight and alkaline phos-
phatase-mediated detection of the mRNA were performed as pre-
viously described (Seydoux and Fire, 1994).
Western Blot Analysis
FIG. 3. (a) Western blot analysis of CEC-1. In the ®rst lane total
protein extract from C. elegans was blotted after SDS±PAGE elec- Total C. elegans protein extracts were separated by electrophore-
sis with a SDS±PAGE gel (13.5%) and blotted onto nitrocellulosetrophoresis. The anti-CEC-1 antibody recognized a protein of about
34 kDa (left arrow). The second lane was treated as described for membranes (BAS 83, S&S). Immunostaining was performed with
sera from preimmunized and immunized rabbits at a dilution ofthe ®rst one, with the exception that the blot was incubated with
preimmune serum. The third lane shows the puri®ed bacterial 1:5000 and a secondary goat anti-rabbit antibody conjugated with
alkaline phosphatase (Dako) was used for detection. Protein trans-CEC-1 product; the antibodies against CEC-1 recognized the ex-
pected fusion product at 14 kDa (right arrow). (b) Speci®city of the fer and immunoblotting were done as previously described (StoÈ rt-
kuhl et al., 1994). To test the speci®city of the antibodies, Westernantibody. Total protein extract from C. elegans was blotted as in
(a). The ®rst lane was treated with the serum preincubated with blots were repeated at the same conditions as before using antibod-
ies pretreated with the puri®ed antigen. Therefore, 5 ml of the serumcec-1 antigen and the second lane was treated with the serum prein-
cubated with BSA as control. Preincubation of the serum with the from the immunized rabbit was preincubated overnight at 47C in
a total volume of 100 ml with different concentrations (0.1, 1, andantigen blocks immunostaining of CEC-1.
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10 mg) of the bacterial cec-1 fusion protein or as control with the that it corresponds to a full-length cDNA. A single open
same amounts of bovine serum albumin (BSA). reading frame (ORF) starts with an ATG start codon located
5 bp downstream of the spliced leader addition site and ends
at a TGA stop signal at position 913, which is followed by
Immunostaining a 320-bp-long untranslated region. On Northern blots with
total C. elegans RNA from larvae and adults, a cec-1 probeC. elegans larvae and adults were ®xed with 1±4% formaldehyde
(Finney and Ruvkun, 1990). Eggs were collected from plates by hybridizes to a single band of about 1.5 kb length (data not
elution with M9 buffer and permeabilized by treatment with 1.2% shown), which corresponds to the length of the cm08h7
hypochlorite/280 mM NaOH followed by freezing in dry ice/etha- cDNA. The putative translation product of cm08h7 is a
nol. The eggs were then ®xed for 15 min with methanol and for 304-aa-long protein (CEC-1) with an expected molecular
15 min with acetone (modi®ed from Sulston and Hodgkin, 1988) weight of 33.8 kDa.
or with 4% formaldehyde (Finney and Ruvkun, 1990). As a control
The chromo domain of CEC-1 is located near the aminofor permeabilization, embryos were immunostained with a mouse
terminus, between aa positions 8 and 55 (Fig. 1). It containsmonoclonal antibody against polar granules (K76, Strome and
almost all the amino acid residues that are highly conservedWood, 1982) at a dilution of 1:5. All incubations of larvae and adults
between the chromo domains of various species, includingwere performed at room temperature in antibody buffer A (11 PBS,
1% BSA, 0.5% Triton X, 0.05% Na azide, 1 mM EDTA), with a a glutamic acid at position 11, an arginine at position 17, a
dilution of the different sera of 1:5000. A secondary goat anti-rabbit glycine at position 21, the lysine±tryptophan dipeptide at
antibody conjugated to ¯uorescein (Sigma, F-0382) was used to de- positions 28/29, a glycine at position 31, the sequence N±
tect the anti-CEC-1 antibodies, and a rhodamine-coupled anti WEP± ±N at positions 37±44, and a leucine at position 50
mouse antibody (Sigma, T-5393) was used to visualize the anti- (Figs. 1 and 2), as well as the conserved putative nuclearpolar granules antibody. Samples were mounted on agarose pads
localization signal HRKKK at positions 16±20 (cf. Paro and(2% agarose, 50 mM Tris±HCl, pH 9.5, 50 mM MgCl2) with a propyl
Hogness, 1991; Singh et al., 1991; Pearce et al., 1992; Reij-gallate DAPI solution (2 mg/ml) to counterstain the nuclei. The
nen et al., 1995). The cec-1 chromo domain shares the mostpreparations were observed under UV light in a microscope (Axi-
identity with that of the mouse Pc homologue M33 (52%oplan, Zeiss).
For confocal microscopy, specimens were prepared as described of identical aa), followed by the Xenopus Pc homologue, the
previously (Chuang et al., 1994). Nuclei were counterstained with Drosophila virilis HP1, and the mealybug protein Pchet1
propidium iodide and imaged with a Bio-Rad MRC600 confocal (48%) and it shares 42% identity with the Pc chromo do-
microscope using a krypton±argon laser for excitation. Fluorescent main and 46% identity with the HP1 chromo domain (Fig.
images collected at 488 and 567 nm excitation were merged and 2). Most remarkably, the cec-1 chromo domain is not
differentiated in false color.
marked by the presence of an upstream stretch of glutamic
acids, a feature typical of HP1 and its homologues from the
other species.RESULTS With the exception of the chromo domain, no other struc-
tural features are shared between CEC-1 and the other
cec-1, a New Chromobox-Containing Gene in C. chromo domain-containing proteins from C. elegans, D.
elegans melanogaster, human, mouse, Xenopus, mealybug, and
fungi. In particular, CEC-1 contains no chromo shadow do-While we were searching for a Pc homologue in a C. eleg-
main (Aasland and Stewart, 1995), which was found at theans cDNA library, the nematode sequencing project identi-
C-terminus of all HP1-like proteins from various species,®ed a chromobox-containing sequence in the genome of C.
and no sequence similarity to the conserved C-terminus ofelegans, the cDNA clone cm08h7. We decided to character-
Pc and its mouse and Xenopus homologues M33 and XPcize this gene, which we designated cec-1 (C. elegans chro-
(Pearce et al., 1992; Reijnen et al., 1995). Furthermore, amobox 1). The complete cm08h7 sequence has a length of
computer search did not ®nd similarities to any of the se-1289 bp and carries a partial spliced leader sequence at the
quences contained in the sequence databases. No canonical5* end and a putative AATAAA poly(A)-addition signal 24
bp upstream of a poly(A) tail at the 3* end (Fig. 1), indicating DNA-binding motif could be identi®ed. A notable feature of
FIG. 4. Immunostaining of different developmental stages of C. elegans with the anti-CEC-1 polyclonal antibody. In blue is the DAPI
staining of the nuclei and in green the anti-CEC-1 antibodies staining. (A±H) Embryos from the transgenic C. elegans strain (BC4889)
containing multiple copies of the cec-1 gene. (A and B) 40- to 50-cell stage; (C and D) 50- to 60-cell stage; (E and F) 60- to 70-cell stage;
(G and H) 100-cell stage embryo. (I±R) Wild-type animals. (I and J) 70- to 80-cell stage embryo; (K and L) L1 larva; (M and N) adult
middle portion of the body including the distal part of the gonad containing the germ cell mitotic and early meiotic nuclei (anterior/
posterior axis is from top to bottom); (O and P) L1 larva treated with the anti-CEC-1 antibodies preincubated with BSA as control; (Q and
R) L1 larva treated with the anti-CEC-1 antibodies preincubated with the cec-1 antigen. The precursor of the germ cells (Z2, Z3) are
shown by small arrows. The Z2 and Z3 cells are not stained by anti-CEC-1 polyclonal antibodies, as can be seen most clearly in the
images of the L1 larva (K and L). No CEC-1 staining in the mitotic and early meiotic nuclei of the germ cells is observed in the adults
(cf. M and N, arrows). Bars, 15 mm in A±J, 12 mm in K±N, and 10 mm in O±R.
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CEC-1 is its high content of charged amino acids distributed immunostaining with anti-CEC-1 antibodies shows the
same expression pattern in wild-type and transgenic ani-over the entire protein: 16% of all amino acids are basic
(histidine, lysine, and arginine) and 31% are acidic (aspartic mals (Figs. 4A±4J), but the signals in transgenic embryos
seem to be stronger, suggesting that the presence of multi-acid and glutamic acid). Particularly remarkable are two
stretches of glutamic acids in the second half of the protein ple extrachromosomal copies of the gene results in the over-
expression of the protein. No overt phenotype, however,at positions 212±216 and 223±232 and two putative nuclear
localization signals (Garcia-Bustos et al., 1991) downstream was observed in the transgenic strain which could be associ-
ated with the overexpression of CEC-1.of the chromo domain at aa positions 66±71 and 156±160.
Altogether, CEC-1 is predicted to be an acidic protein with No CEC-1 could be detected in zygotes and early embryos
(Figs. 4A and 4B). The protein was ®rst detected in embryosa calculated isoelectric point of 4.23.
Recently, the nematode sequencing project identi®ed at about the 50- to 80-cell stage. At this stage, weak immu-
nostaining appeared in all somatic nuclei (Figs. 4C±4F, 4I,three more chromo domain-containing sequences, which,
however, share less sequence similarity with the two Dro- and 4J). Again, the speci®city of the antibodies was con-
®rmed by preincubating the serum with the puri®ed cec-1-sophila proteins Pc and HP1, in comparison to the sequence
of CEC-1 (Fig. 2). antigen which abolished all observed signals (Figs. 4Q and
4R). Later in development, nuclear staining becomes
stronger and persists in all somatic cells of wild-type andGenomic Organization of cec-1 transgenic embryos and larvae (Figs. 4G±4H, 4K, and 4L).
In adult wild-type worms, CEC-1 is present in all somaticSouthern blot experiments and hybridization of a cDNA
probe to a C. elegans ``polytene'' YAC ®lter revealed that nuclei. The intensity of the signals varied with the size of
the nuclei; the large polyploid nuclei of the hypodermis andcec-1 is a single copy gene (results not shown). It maps to
the central part of chromosome III, between the genes unc- intestine showed intense immuno¯uorescence, while the
smaller diploid nuclei had weaker signals (Figs. 4M and 4N).116 and dpy-19, downstream of the homeotic gene cluster
(BuÈrglin and Ruvkun, 1993). This region has been entirely CEC-1 staining in interphase nuclei was homogeneous and
no speckles or foci could be detected, suggesting a uniformsequenced by the C. elegans genomic sequencing project
(Wilson et al., 1994). The genomic sequence of cec-1 is inter- distribution of the protein (Figs. 4 and 5). High-resolution
imaging of the anti-CEC-1 antibody staining also revealedrupted by three introns at nucleotide positions /61, /104,
and /738 (cf. Fig. 1), of which two are located within the uniform staining of interphase nuclei. Interestingly, when
the chromosomes started to condense during early mitosis,chromobox. The position of the ®rst intron, just down-
stream of the nuclear localization signal encoding region of the protein appeared to dissociate from them, as shown in
prometaphase nuclei (Fig. 5, arrowheads). In fully condensedthe chromobox, has been conserved between cec-1 and the
two Drosophila genes encoding Pc and HP1. Its position, metaphase chromosomes (Fig. 5, arrows), the protein was
no longer associated with them.with a shift of one base, corresponds to that of Pc (Paro and
Hogness, 1991) and with a shift of ®ve bases to that of the Neither in wild-type nor in transgenic animals could we
detect any nuclear staining in the germ line cells, in the®rst intron in Su(var)205 (James and Elgin, 1986).
germ precursor cells Z2 and Z3, and in early blastomeres
(Figs. 4A±4H and 4K±4N). Furthermore, the presence ofCec-1 Expression CEC-1 in the cytoplasm of these cells was excluded by com-
parison with control animals treated with the preimmuneThe developmental expression pattern of cec-1 was stud-
ied using polyclonal antibodies raised against a bacterially serum. Altogether, our data revealed that no detectable
amounts of cec-1 protein product is present in the germ lineexpressed CEC-1 fragment (positions 02±250, cf. Fig. 1)
containing the chromo domain. On Western blots with total cells and in the blastomeres of the early embryo.
In order to determine the distribution of the cec-1 mRNA,C. elegans protein extracts, the antibodies recognized a sin-
gle band with the expected size of about 34 kDa (Fig. 3a), we performed whole-mount in situ hybridization experi-
ments using single-stranded digoxigenin-labeled antisensesuggesting that the antibodies were speci®c to CEC-1 and
did not cross-react with other chromo domain-containing DNA probes made from the cec-1 cDNA. Our data revealed
that large amounts of cec-1 mRNA are localized in the cyto-proteins. Protein extracts from embryos and larval stages
yielded identical results (data not shown). Preincubation of plasm of all blastomeres from early embryos (Fig. 6), sug-
gesting a maternal effect. Indeed, cytoplasmic staining inthe serum with the bacterial cec-1 fusion protein com-
pletely abolished the observed signal, thus con®rming the the gonads of the hermaphrodites con®rmed that maternal
cec-1 mRNA is packaged into the oocytes (data not shown).speci®city of the antibodies (Fig. 3b).
We performed in situ localization experiments with the The signals were very strong in the early embryos prior to
the onset of protein production at the 50- to 80-cell stagewild-type C. elegans strain and with a transgenic strain
containing the cec-1 encoding genomic cosmid ZK1236 and weakened as development proceeded (Fig. 6). Staining
of the cytoplasm appeared uniform and no distribution gra-(provided by D. L. Baillie, Simon Fraser University, Vancou-
ver). In C. elegans, transforming plasmids are usually main- dient of cec-1 mRNA could be observed at any stage. Hy-
bridization of the embryos with the sense probe as controltained as extrachromosomal arrays containing up to 300
copies of the injected sequences (Mello et al., 1991). The gave no signal (data not shown).
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translated at undetectable levels. The expression of CEC-1DISCUSSION
starts at about the 50- to 80-cell stage in all somatic nuclei,
and the protein is then present in all somatic cells through-Here we present the ®rst characterization of a chromobox
out development and in adults, but not in the germ cellscontaining gene, cec-1, from C. elegans and demonstrate
and their precursors Z2 and Z3. Because of its somatic speci-that its product is a nuclear and chromatin-associated pro-
®city and because it appears shortly after the onset of gen-tein. Similar to most other known chromo domain-con-
eral zygotic transcription (Schauer and Wood, 1990), it istaining proteins from various species, the cec-1 chromo do-
tempting to speculate that CEC-1 might play a role duringmain is located near the N-terminus of the protein. Two
development in cellular differentiation. Indeed, the CEC-1stretches of negatively charged glutamic acids in about the
expression pro®le is comparable to that of the Polycombmiddle of the cec-1 protein sequence are reminiscent of the
protein during Drosophila development (Paro and Zink,polyglutamic acid sequences preceding the chromo domains
1992). Maternal Pc mRNA is found in large quantities inof HP1-related proteins and to the stretches of acidic amino
the oocyte and in early developmental stages. Although theacids in some other nuclear proteins, such as nucleoplasmin
Pc protein is present at low concentration in the cytoplasmand the HMG proteins (Dingwall et al., 1987), the nucleolar
of oocytes, accumulation in the nuclei was not observed atprotein nucleolin (Bourbon et al., 1988), and the protein
any stage. Nuclear localization of Pc occurs during earlyproduct of Su(var)3-7, a suppressor of variegation in Dro-
embryogenesis and persists during development until thesophila (Reuter et al., 1990). It has been suggested that the
adult stage (Paro and Zink, 1992). Furthermore, the size ofnegatively charged stretch of glutamic acids adjacent to the
the cec-1 protein and the position of the two putative nu-chromo domain in the HP1 homologues may interact with
clear localization signals outside the chromo domain corre-the positively charged amino acids located at the amino
spond to those of Pc and its mouse and Xenopus homologuesterminus of histone H4 during the formation of compact
M33 and XPc (cf. Paro and Hogness, 1991; Pearce et al.,heterochromatin (Singh et al., 1991). Similarly, the two
1992; Reijnen et al., 1995). However, CEC-1 lacks a car-blocks of glutamic acids in CEC-1 might interact with some
boxyl-terminal block of homology of about 30 aa that isstructural component of C. elegans chromatin.
well conserved between Pc, M33, and XPc (Pearce et al.,With the exception of the chromo domain, however,
1992; Reijnen et al., 1995). It has been suggested that theCEC-1 shares no sequence homology with any of the
C-terminal domain of Pc acts to recruit further members ofchromo domain-containing proteins from other species. In
the Polycomb group proteins to form a silencing complexparticular, it contains no chromo shadow domain at its C-
in Drosophila (MuÈ ller, 1995). The lack of this C-terminalterminal end, a structural feature conserved between HP1
homology indicates that in C. elegans the mechanisms in-and the HP1-like proteins from humans, mouse, mealybug,
volved in silencing might somehow differ from those inand fungi (Aasland and Stewart, 1995). This region was
Drosophila and vertebrates. It is likely, however, that CEC-shown to be necessary for the nuclear location of the pro-
1 might represent a new class of chromo domain containingteins and overlaps an essential heterochromatin targeting
proteins different from Pc and HP1 with a novel and unex-signal (Powers and Eissenberg, 1993). The absence of a
pected function, which is limited to the somatic cells.chromo shadow domain and the lack of a stretch of glutamic
Interestingly, CEC-1 seems to dissociate from the mitoticacids upstream of the chromo domain sets CEC-1 apart from
chromosomes during metaphase. A similar dynamic behav-the considerably shorter HP1 class proteins. Indeed, the C.
ior during the cell cycle has been observed for Pc (Messmerelegans protein CEC-1 is expressed only in somatic nuclei
et al., 1992), HP1 (Kellum et al., 1995), and CHD1 (Stokesand is absent from the nuclei of the mitotic and early mei-
and Perry, 1995), all of which are released into the cyto-otic germ cells and their precursors Z2 and Z3. Because of
plasm of the cell when chromosomes start to condense atits restricted expression pattern, CEC-1 is not likely to be
mitosis and reassociate with the chromosomes at the endrequired for basic chromosomal organization or for kineto-
of mitosis. Similar results were observed for two determi-chore assembly, as, e.g., HP1 and its ®ssion yeast homo-
nants of blastomere identity in early C. elegans embryos,logue Swi6.
SKN-1 and POP-1 (Bowerman et al., 1993; Lin et al., 1995).The cec-1 transcripts are present in relatively large quan-
It is possible that the release of some proteins from thetities in oocytes and in all blastomeres of the very early
condensing chromosomes is necessary to permit betterembryo, but no cec-1 protein was observed in these cells,
suggesting that cec-1 mRNA is either not translated or compaction of the chromatin. In the interphase nuclei of
FIG. 5. (Left) Confocal optical section through a portion of a C. elegans embryo. Shown in green is the immuno¯uorescence of the anti-
CEC-1 antibodies and in red the propidium iodide counterstaining of the DNA. Arrows indicate metaphase chromosomes; arrowheads
denote prometaphase chromosomes. (Right) Prometaphase nucleus. Scale bars, 5 mm.
FIG. 6. Whole-mount in situ hybridization of C. elegans embryos. Embryos were hybridized with an antisense cec-1 digoxigenin-labeled
single-stranded DNA probe and detected with alkaline phosphatase (see Materials and Methods). The mRNA is detected in the cytoplasm
of the blastomeres from the 2-cell stage embryo (A) throughout successive developmental stages until the 20- to 24-cell stage embryo (B±
F). Nuclei appear clear without staining. Bar, 10 mm.
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Chuang, P.-T., Albertson, D. G., and Meyer, B. J. (1994). DPY-27:the somatic cells of developing C. elegans larvae and of
A chromosome condensation protein homolog that regulates C.adults, CEC-1 immunolocalization revealed a uniform
elegans dosage compensation through association with the Xstaining pattern, suggestive of a homogeneous distribution
chromosome. Cell 79, 459±474.of CEC-1. Similarly, CEC-1 appeared to be homogeneously
Delmas, V., Stokes, D. G., and Perry, R. P. (1993). A mammaliandistributed on all interphase and prometaphase chromo-
DNA-binding protein that contains a chromo domain and a
somes in C. elegans embryos. The small size and lack of SNF2/SWI2-like helicase domain. Proc. Natl. Acad. Sci. USA 90,
morphological differences of the C. elegans chromosomes, 2414±2418.
however, does not allow a good resolution of a chromosome Dingwall, C., Dilworth, S. M., Black, S. J., Kearsey, S. E., Cox,
site-speci®c immunostaining pattern. Therefore, speci®c L. S., and Laskey, R. A. (1987). Nucleoplasmin cDNA sequence
reveals polyglutamic acid tracts and clusters of sequences homol-association of CEC-1 to particular loci on the chromosomes,
ogous to putative nuclear localization signals. EMBO J. 6, 69±such as observed for Pc (Zink and Paro, 1989), cannot be
74.completely excluded. Alternatively, the chromatin organi-
Eissenberg, J. C., James, T. C., Foster-Hartnett, D. M., Hartnett, T.,zation in C. elegans might be more uniform than in organ-
Ngan, V., and Elgin, S. C. R. (1990). Mutation in a heterochroma-isms such as Drosophila and mammals. This is supported
tin-speci®c chromosomal protein is associated with suppressionby the lack of any detectable heterochromatin (Naclerio et
of position-effect variegation in Drosophila melanogaster. Proc.
al., 1992), by the holocentric nature of the mitotic chromo- Natl. Acad. Sci. USA 87, 9923±9927.
somes (Albertson and Thomson, 1982), and by the fact that Eissenberg, J. C., Morris, G., Reuter, G., and Hartnett, T. (1992).
hundreds of chromosomal rearrangements have been cre- The heterochromatin-associated protein HP1 is an essential pro-
ated, but little evidence for position-effect modi®cation of tein in Drosophila with dosage-dependent effects on position-
effect variegation. Genetics 131, 345±352.gene expression was found (Hodgkin, 1994). The current
Eissenberg, J. C., and Hartnett, T. (1993). A heat shock-activatedanalysis of a cec-1 mutant will certainly provide necessary
cDNA rescues the recessive lethality of mutations in the hetero-information to settle these important questions and to de-
chromatin-associated protein HP1 of Drosophila melanogaster.termine the exact function of CEC-1.
Mol. Gen. Genet. 240, 333±338.
Ekwall, K., Javerzat, J., Lorentz, A., Schmidt, H., Cranston, G.,
and Allshire, R. (1995). The chromodomain protein Swi6: A key
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